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Abstract 

Oligomerization or dimerization of G-protein-coupled receptors (GPCRs) has emerged as an important theme in signal 
transduction. This concept has recently gained widespread interest due to the application of direct and noninvasive biophysical 
techniques such as fluorescence resonance energy transfer (FRET), which have shown unequivocally that several types of GPCR 
can form dimers or oligomers in living cells. Current challenges are to determine which GPCRs can self-associate and/or interact 
with other GPCRs, to define the molecular principles that govern these specific interactions, and to establish which aspects of 
GPCR function require oligomerization. Although these questions ultimately must be addressed by using GPCRs expressed 
endogenously in their native cell types, analysis of GPCR oligomerization in heterologous expression systems will be useful to 
survey which GPCRs can interact, to conduct structure-function studies, and to identify peptides or small molecules that disrupt 
GPCR oligomerization and function. Here, we describe methods employing scanning fluorometry to detect FRET between 
GPCRs tagged with enhanced cyan and yellow fluorescent proteins (CFP and YFP) in living yeast cells. This approach provides a 
powerful means to analyze oligomerization of a variety of GPCRs that can be expressed in yeast, such as adrenergic, adenosine, 
C5a, muscarinic acetylcholine, vasopressin, opioid, and somatostatin receptors. © 2002 Elsevier Science (USA). All rights 
reserved. 
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1. Introduction 

Evidence accumulated over the past three decades has 
suggested that G-protein-coupled receptors may exist as 
dimers and/or oligomers. However, widespread appre- 
ciation of this concept has come only recently. This has 
occurred because direct and noninvasive biophysical 
techniques such as fluorescence resonance energy 
transfer (FRET) and bioluminescence resonance energy 
transfer (BRET) have shown that a variety of GPCRs 
can form homo- and/or heterooligomeric assemblies in 
living cells. 

Several studies have begun to indicate that oligo- 
merization is required for several aspects of GPCR 
function. For example, dimerization of peptides corre- 
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sponding to the third cytoplasmic loops of certain 
GPCRs increases their potency as G-protein activators 
in vitro [1], and peptides that interfere with receptor 
dimerization in vitro can inhibit signaling by p 2 -adren- 
ergic receptors [2]. Furthermore, overexpression of 
dominant-negative receptor mutants can inhibit oligo- 
merization of wild-type receptors [3]. Finally, coex- 
pression of receptors can modify their function, as 
shown by studies of heterodimerization between 
GABAb-R1 and R2 [4-6], k and 5 opioid [7], m2 and m3 
muscarinic [8], and 5-HTi B and 5-HTi D serotonin [9] 
receptors, and non-subtype-specific heterodimerization 
between adenosine/dopamine [10] and opioid/adrenergic 
receptors [11]. Therefore, it seems likely that the func- 
tion of many GPCRs will be determined by their ability 
to self-associate and/or interact with other GPCRs. 
Defining which receptors interact with themselves and 
each other, establishing the molecular principles that 
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govern these specific interactions, and determining the 
functions of specific GPCR complexes are therefore 
important goals of the field. 

2. FRET theory and practice 

FRET provides a powerful means to study GPCR 
oligomerization. Unlike biochemical approaches such as 
coimmunoprecipitation which require receptors to be 
solubilized from membranes with detergent, a process 
that often results in inactivation of a GPCR, FRET can 
detect interaction between functional receptors in living 
cells or plasma membrane fractions. FRET can occur 
between molecules separated by <100A [12]. This 
property makes FRET an ideal means of analyzing 
GPCR oligomerization because the predicted center-to- 
center distance between GPCRs in a dimer/oligomer is 
~40 A, as indicated by the dimensions of a rhodopsin 
monomer [13,14]. 

FRET between GPCRs could be investigated by us- 
ing various types of fluorescence donor-acceptor pairs. 
The GFP variants cyan fluorescent protein (CFP) and 
yellow fluorescent protein (YFP), developed for FRET 
by Tsien and co-workers [15-17] have spectral pro- 
perties that have made them, from our experience, 
preferable to the blue fluorescent protein (BFP)-green 
fluorescent protein (GFP) FRET pair. Tsien and 
colleagues showed that FRET occurs between CFP 
(A m ax(abs)=434nm, 4 ax(emis) = 476 nm) and YFP 
(^maxfabs) = 514nm, A max(emis) = 527 nm) when these 
proteins are stably associated in close proximity [18]. 
Like GFP itself, CFP or YFP can be fused to the cy- 
toplasmic domains of GPCRs, often resulting in a 
functional fusion protein. Furthermore, when CFP and 
YFP are expressed at typical levels in yeast (~5000- 



10,000 molecules/cell) their quantum yields are sufficient 
to detect emission above the fluorescence background of 
the yeast cell (see below). In contrast, FRET experi- 
ments that employ other means of fluorescent labeling, 
such as with fluorescently labeled antibodies, are not 
possible because the yeast cell wall excludes peptides 
larger than about 5 kDa. A schematic depicting FRET 
between C-terminally truncated GPCRs tagged with 
CFP and YFP is shown in Fig. 1. 

Efficient energy transfer depends on the spectral 
properties, dipole orientation, and distance between the 
fluorescence donor and acceptor. Energy transfer re- 
quires that the emission spectrum of the donor has sig- 
nificant overlap with the excitation spectrum of the 
acceptor. In contrast, the excitation spectrum of the 
donor should have little overlap with the excitation 
spectrum of the acceptor to minimize direct excitation of 
the acceptor. Ideally the emission spectra of the donor 
and acceptor should be completely resolved, but in 
practice they usually overlap partially. Accordingly, in a 
typical FRET experiment, the observed fluorescence 
emission spectrum is the sum of donor emission, ac- 
ceptor emission due to direct excitation, and acceptor 
emission due to FRET. Quantification of acceptor 
emission due to FRET therefore requires precise deter- 
mination of the proportion of the total emission signal 
that is due to direct excitation of the acceptor and to 
overlap of donor and acceptor emission spectra. 

Energy transfer efficiency is strongly affected by in- 
terfluorophore distance and orientation. Therefore, even 
large changes in FRET efficiency, as may occur on 
binding of agonist or antagonist to a receptor, must be 
interpreted with caution. The efficiency of energy 
transfer (E) is inversely proportional to the distance 
separating the donor and acceptor (R) raised to the sixth 
power, as given by 
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E=l/[\ + (R/Ro)\ (1) 

where Rq is the Forster distance at which FRET effi- 
ciency is 50%. As a consequence, interfluorophore sep- 
aration of l/2£ 0 can yield nearly quantitative energy 
transfer, whereas separation of 2^ 0 would result in 
nearly undetectable energy transfer. R 0 is determined by 
the relative orientation of the donor and acceptor di- 
poles (k 2 ), the donor quantum yield (0 D ), the spectral 
overlap between the donor and acceptor (Jda)> the re- 
fractive index of the medium (n), and Avogadro's 
number (AO according to 

R 6 0 = 9000(ln 10)^2d^da/128tt 5 ^. (2) 

Because R Q of the CFP-YFP donor-acceptor pair 
commonly used for FRET is ~50A, the interfluoro- 
phore distance over which FRET can be detected is 
-25-1 00 A [18], 

Changes in the orientation of donor and acceptor 
fluorophores can also significantly affect FRET effi- 
ciency. Whereas the orientation factor (k 2 ) for dipole- 
dipole coupling is usually calculated by assuming equal 
distribution of the fluorophores in all orientations in the 
excited state, orientation of fluorophores attached to a 
GPCR or other protein could be restricted in a way that 
either favors or disfavors efficient FRET. Therefore, a 
conformational change of a GPCR that increases in- 
terfluorophore distance and/or results in disfavorable 
dipole orientation could cause a large decrease in FRET 
efficiency without indicating loss of oligomerization per 
se. Likewise, an increase in FRET efficiency may not 
necessarily indicate increased efficiency of oligomeriza- 
tion. 

Calculation of energy transfer efficiency often in- 
volves measurement of the relative fluorescence intensity 
(F) or lifetime (t) of the donor in the absence (D) and 
presence (DA) of the acceptor, according to 

£=1-(W^dH1-(tdaAa). (3) 

However, interpreting the results of such calculations in 
terms of absolute interfluorophore distance can prove 
difficult for the reasons discussed above. An approxi- 
mate or apparent FRET efficiency can be determined by 
calculating the ratio of the FRET signal to the signal 
observed on direct excitation of the acceptor, as dis- 
cussed in more detail below. When distance calculations 
are not required, the apparent FRET efficiency provides 
a suitable means to quantify the extent of FRET be- 
tween tagged molecules. 

3. Expression of GPCRs in yeast 

The utility of analyzing GPCR oligomerization by 
performing FRET experiments with yeast is based on an 
extensive literature that shows various approaches can 



be used successfully to express functional mammalian 
GPCRs in the yeast Saccharomyces cerevisiae [19-29]. 
The advantages of yeast expression are cost, speed, and 
maintenance of receptor pharmacology. Furthermore, 
the ability to express CFP- and YFP-tagged receptors at 
equivalent levels is of particular relevance for FRET 
experiments. This is accomplished by expressing CFP- 
and YFP-tagged receptors independently from two 
plasmids that use the same promoter and transcriptional 
terminator elements, but that have different selectable 
markers (e.g., TRP1 and URA3) that allow them to be 
introduced and maintained together in the same cell. 
Use of single-copy plasmids (CEN plasmids, which 
contain a centromere) provides highly reproducible ex- 
pression levels because plasmid copy number does not 
vary significantly. High-copy plasmids (2u-based) are 
used to express receptors that do not express well in 
yeast. However, because the copy number of these 
plasmids can vary among transformants, the investiga- 
tor must determine the expression level that has been 
achieved, as is discussed below. 



4. Design of tagged receptors 

As an example demonstrating the utility of FRET to 
analyze GPCR oligomerization in yeast, we have used a 
GPCR expressed endogenously by yeast cells, the a- 
factor receptor (STE2 gene product), to show that 
GPCRs form oligomers in living cells [3]. This receptor, 
which is coupled to a yeast G-protein similar to G\ has 
served as a workhorse for studies of GPCR structure, 
function, and regulation. We have previously shown 
that GFP tagging the ot-factor receptor at the end of its 
cytoplasmic C-terminal domain or eight amino acids 
after the seventh transmembrane domain (position 304) 
preserves the ability of the receptor to bind agonist 
with normal affinity and transduce a signal [30]. These 
C-terminal truncation mutants are, however, defective 
in receptor phosphorylation, ubiquitination, desensiti- 
zation, and endocytosis [31]. Therefore, we have used 
C-terminally truncated receptors (at position 304) tag- 
ged with CFP and YFP to ensure that FRET would 
not detect interactions between desensitized or inter- 
nalized receptors. Furthermore, preliminary experi- 
ments have indicated that FRET is not detected 
between full-length receptors tagged with CFP and 
YFP, indicating a dependence on interfluorophore 
distance, orientation, and/or mobility (data not shown). 
For other GPCRs it may be necessary to analyze sev- 
eral fusions in which CFP and YFP have been ap- 
pended at various points within the cytoplasmic 
C-terminal domain or possibly within intracellular 
loops if they are sufficiently large. Regardless of the 
fusion strategy employed, the function and expression 
of the receptor must be preserved as indicated by 
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efficiency of cell surface expression and maintenance of 
affinity and receptor pharmacology. 

5. Gene expression and culture conditions 

We have expressed a-factor receptor-CFP and re- 
ceptor-YFP fusions at levels equivalent to endogenous 
receptors by using the receptor's normal promoter and 
single-copy plasmids with different selectable markers. 
However, for mammalian receptors that are expressed 
inefficiently in yeast, it may be necessary to use strong 
constitutive promoters, such as PGK and ADH, and 
high-copy plasmids. To avoid inhibition of FRET by 
endogenous untagged a-factor receptors, we have ex- 
pressed tagged receptors in yeast cells that lack a func- 
tional a-factor receptor structural gene on the 
chromosome (ste2b mutant). Presumably this would be 
unnecessary for experiments in which FRET is being 
detected between tagged mammalian receptors ex- 
pressed in yeast. 

Cell growth conditions have proved to be important 
for obtaining efficient expression of a-factor receptor 
fusion proteins. The reason for this is not clear, but poor 
expression resulting from suboptimal growth conditions 
is not due to increased endocytosis because the tailless 
receptor-CFP and receptor-YFP fusion proteins we 
have used are endocytosis-defective. Regardless of the 
reason, we use cells within 2-5 days of colony formation 
following the introduction of plasmids by standard 
lithium-acetate transformation procedures. Colonies are 
then used to inoculate 50 ml of synthetic medium lacking 
appropriate nutrients to select for plasmid-containing 
cells. Cells are grown with vigorous aeration until 
reaching midlog phase (OD 600 = 0.5). Cells are then 
harvested by low-speed centrifugation, washed twice 
with 25 mM Tris, pH 6.8 (FRET buffer), and suspended 
in ~5 ml of FRET buffer such that all samples have the 
same concentration of cells as determined by ODeoo- 
Cells are then diluted approximately 1:3 in FRET buffer, 
resulting in a cell suspension that is slightly turbid, and 
analyzed by scanning fluorometry with a 3-ml glass 
cuvette. 



6. Equipment 

Most modern scanning fluorometers should be suffi- 
cient to detect FRET between GPCRs experessed in 
yeast. We used a Fluorolog-3 spectrofluorometer from 
the Jobin Yvon/Spex division of Instruments S.A. The 
excitation and emission slits were set to a 4.0-nm 
bandpass, high voltage to 950 V, and the shutter mode 
to auto open. Data were processed using Datamax for 
Windows Version 2.1 and further analyzed using Excel 
spreadsheets. 
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7. Verifying the spectral properties of CFP and YFP 
expressed in yeast 

Fluorescence emission spectra have been used to 
verify that a-factor receptor-CFP and -YFP fusions 
exhibit the required spectral properties for FRET ex- 
periments in yeast. Illumination of control cells that do 
not express a CFP or YFP fusion {cells in Fig. 2A) at the 
^max for excitation of CFP results in detection of cell 
autofluorescence. Subtraction of the autofluorescence 
emission spectrum from the emission spectrum obtained 
following excitation of an equivalent number of cells 
expressing receptor-CFP (cells + CFP in Fig. 2A) yields 
an emission spectrum identical to that expected for CFP 
(CFP in Fig. 2A). Likewise, illumination of control cells 
at the A max for excitation of YFP results in background 
fluorescence emission, which is subtracted from the 
emission spectrum obtained with cells expressing YFP- 
tagged receptors to yield the expected YFP fluorescence 
emission curve (Fig. 2B). Similar experiments show that 
illumination at the A max for excitation of CFP results in 
low but detectable direct excitation of YFP-tagged re- 
ceptors (Fig. 2C), and that illumination at the A max for 
excitation of YFP does not directly excite CFP-tagged 
receptors (Fig. 2D). 

8. Optimization of the donor excitation wavelength 

Because the wavelength typically used to excite CFP 
results in significant direct excitation of YFP, we have 
used the following procedure to optimize the donor 
excitation wavelength such that direct excitation of YFP 
is minimized. Cells expressing only YFP-tagged recep- 
tors are irradiated at a variety of wavelengths near the 
A max for CFP excitation, and emission is recorded from 
450 to 610 nm to detect YFP fluorescence (Fig. 3). The 
results indicate that YFP fluorescence emission reaches 
a minimum at an excitation wavelength of 425 nm. 
Subsequent experiments have indicated that CFP fluo- 
rescence emission is quite robust when an excitation 
wavelength of 425 nm is used (data not shown). In ac- 
cord with these results, Table 1 shows the excitation 
wavelengths and the range of emission wavelengths that 
have been used subsequently for FRET studies. 



9. Optimization of donor and acceptor expression levels 

The relative stoichiometry of CFP- and YFP-tagged 
receptors may adversely affect the efficiency of FRET. 
Expression of CFP-tagged receptors in excess over YFP- 
tagged receptors could mask detection of FRET because 
the CFP emission spectrum overlaps, and therefore 
could obscure, the YFP emission spectrum. Fur- 
thermore, nonstoichiometric expression of CFP- to 
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Fig. 3. Wavelength optimization for CFP excitation. Cells that ex- 
pressed only YFP-tagged receptors or did not express a tagged re- 
ceptor were irradiated at the wavelengths indicated on each curve. The 
resultant emission spectra were recorded, and autofluorescence (emis- 
sion obtained from control cells) was subtracted to yield the YFP 
emission spectra shown. YFP emission was reduced on excitation at 
425 nm, a wavelength that was able to efficiently excite CFP. 



Table 1 

Excitation and emission wavele ngths used for FRET experiments 3 
Fluorophore >U itation (nm) scan (nm) 

CFP 425 450-610 

Yp P 510 520-610 

a For detection of YFP fluorescence, cells were excited at 510 nm and 
emission was recorded between 520 and 610 nm. For detection of CFP 
fluorescence, cells were excited at 425 nm and emission was recorded 
between 450 and 610 nm. 



YFP-tagged receptors presumably would result in a 
decreased number of heterooligomeric receptors capable 
of yielding a FRET signal. Indeed, by analyzing yeast 
cells expressing various levels of CFP- versus YFP-tag- 
ged a-factor receptors, we have found that an optimal 
FRET signal occurs with a 1:1 to 1:2 expression ratio 
(CFP: YFP; data not shown). The ratio of expression 
can be determined based on the quantum efficiency of 
CFP and YFP. Using such an approach, we have found 
that a 1:1 ratio occurs when the peak height of the 
emission spectrum obtained on direct excitation of YFP 
at 510 nm is approximately twofold higher than the peak 
height of the emission spectrum obtained on direct ex- 
citation of CFP at 425 nm. Note, however, that this 
method underestimates CFP emission peak height, be- 
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cause CFP emission is decreased due to FRET in the 
presence of YFP acceptor. Nevertheless, we have found 
that this is not of critical importance because the 
apparent efficiency of FRET, as calculated below, does 
not vary substantially over expression ratios of 
CFP: YFP from 1:1 to 1:2. 



10. Data acquisition and analysis for FRET experiments 

In each FRET experiment, fluorescence emission 
spectra are recorded from four samples that contain the 
same number of cells: (1) control cells that do not ex- 
press tagged receptors; (2) cells that express only CFP- 
tagged receptors; (3) cells that express only YFP-tagged 
receptors; and (4) cells that coexpress CFP- and YFP- 
tagged receptors. Equivalent cell number is achieved by 
adjusting cell density to obtain equal fluorescence 
emission at 450 nm on excitation at 425 nm. This pro- 
cedure can be used because emission at 450 nm is due 
solely to cell autofluorescence and is not the result of 
CFP or YFP emission. . 

Fluorescence emission due to FRET between CFP- 
and YFP-tagged receptors is detected by employing the 
following three-step procedure. Briefly, the procedure 
involves irradiation of cells at the optimized /l max for 
excitation of CFP, recording emission spectra, and 
subtracting the components of the emission spectra due 
to cell autofluorescence, CFP emission, and YFP emis- 
sion due to direct excitation; this results in the YFP 
emission spectrum due only to FRET. 



11. Data acquisition and correction for cell autofluores- 
cence 

Control cells and cells that coexpress CFP- and YFP- 
tagged receptors are irradiated at the optimized A raax for 
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excitation of CFP (425 nm) that gives reduced direct 
excitation of YFP. The autofluorescence emission 
spectrum obtained from control cells (no tagged recep- 
tors expressed) is subtracted from that obtained with an 
equivalent number of cells coexpressing CFP- and YFP- 
tagged receptors, resulting in the CFP + YFP emission 
curve shown in Fig. 4A. This CFP + YFP emission 
spectrum is a composite of CFP emission, YFP emission 
due to direct excitation, and YFP emission due to 
FRET. 



12. Subtraction of CFP emission from the CFP + YFP 
emission spectrum 

Cells expressing only CFP-tagged receptors are irra- 
diated at the optimized vl max for excitation of CFP 
(425 nm). This spectrum (CFP in Fig. 4) is normalized to 
give a CFP emission peak value identical to the CFP 
emission peak value of the CFP + YFP spectrum ob- 
tained from the preceding step. Note that the 
CFP + YFP spectrum should not be normalized because 
this would lead to an incorrect determination of ap- 
parent FRET efficiency. After normalization, the CFP 
spectrum is subtracted from the CFP + YFP emission 
spectrum. This results in a YFP emission spectrum 
composed of a FRET component and another compo- 
nent due to direct excitation of YFP. 



13. Obtaining the YFP emission spectrum due to FRET 

To obtain the YFP emission spectrum due only to 
FRET, it is necessary to subtract the component of the 
total YFP emission that is due to direct excitation 
of YFP. This is accomplished as follows. Initially, the 
YFP emission spectra of cells coexpressing CFP- and 
YFP-tagged receptors versus cells expressing only YFP- 
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Fig. 4. Use of FRET to detect oligomerization of ot-factor receptors in vivo. Yeast cells expressed either no receptors, only CFP-tagged ot-factor 
receptors, only YFP-tagged a-factor receptors, or coexpressed CFPt and YFP-tagged a-factor receptors in the absence (A) or presence (B) of 
overexpressed untagged a-factor receptors. Cells were irradiated at 425 nm and fluorescence emission was recorded from 450 to 610nm. Sensitized 
emission from YFP due to FRET (FRET) was calculated as: (CFP + YFP emission) - (CFP only emission) - (YFP only emission) (see text for 
details). The results shown are the averages of six independent experiments. 
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tagged receptors are normalized for differences in YFP 
expression level by irradiating these two types of cells at 
the 2 max for YFP (510nm) and recording their respective 
YFP emission spectra. Because CFP is not excited at 
this wavelength, these emission spectra quantify only the 
level of YFP-tagged receptors. The ratio of the YFP 
emission peak heights of these two spectra can then be 
used as a scaling factor to normalize the emission 
spectrum obtained when cells expressing YFP-tagged 
receptors are irradiated at the A max for CFP (425 nm). 
This normalized emission spectrum (YFP in Fig. 4) is 
then subtracted from the total YFP emission spectrum 
obtained in step 2 from cells coexpressing CFP- and 
YFP-tagged receptors. The result is a YFP emission 
spectrum due solely to FRET (FRET in Fig. 4). 



14. Calculation of apparent FRET efficiency 

As discussed previously, FRET efficiency is usually 
calculated from the change in the magnitude or lifetime 
of donor emission in the presence versus absence of 
acceptor. This requires the ability to quantitatively 
photobleach the acceptor and measure the resultant 
change in donor fluorescence. However, quantitative 
photobleaching of the relatively large (3 ml) samples 
used for FRET would require lasers that are unavailable 
to many researchers. We therefore developed a simple 
alternative that provides a measure of the apparent ef- 
ficiency of FRET. While this alternative is useful for 
determining the relative ability of GPCRs to engage in 
FRET, it does not measure the precise efficiency of 
FRET and therefore is not suitable for distance calcu- 
lations. 

To calculate the apparent efficiency of FRET, we use 
two spectra obtained during the process of generating 
the FRET emission spectrum: the YFP emission spec- 
trum due specifically to FRET, and the YFP emission 
spectrum obtained by irradiating cells coexpressing 
CFP- and YFP-tagged receptors at the A max for YFP 
(Fig. 5). FRET efficiency is calculated by dividing the 
integrated area of the FRET spectrum by the integrated 
area of the YFP emission spectrum obtained by excita- 
tion at the A max for YFP. If receptors are dimers, then 
the theoretical upper limit would be an apparent FRET 
efficiency of -50%, because only one-half of the recep- 
tor dimers would be composed of a CFP- and a YFP- 
tagged receptor. However, even in this case, the maximal 
efficiency would be less because the o fluorescent chro- 
mophores of CFP and YFP are ~15A from the surface 
of the protein, resulting in a minimum separation of at 
least 30 A. In contrast, if receptors form higher-order 
oligomers, then the number of receptors engaged in 
productive FRET complexes could approach 100% and 
thus increase the upper limit of apparent FRET effi- 
ciency. Using the methods described above, we have 
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found that the apparent efficiency of FRET between 
tagged tailless ot-factor receptors is 10-15%. 



15. FRET with control proteins and competition by 
untagged receptors 

If the results of FRET experiments indicate that a 
GPCR can self-associate, it is important to show that 
the FRET signal is the result of a stable, specific inter- 
action. This can be demonstrated by showing that 
FRET does not occur between tagged forms of a given 
GPCR and another, unrelated GPCR or other type of 
membrane protein. Furthermore, overexpression of an 
untagged form of the GPCR itself (but not another 
GPCR or other type of membrane protein) inhibits 
FRET between tagged receptors. These experiments are 
simple to perform in yeast because expression of three or 
more proteins is easily accomplished through the use of 
expression plasmids that contain different selectable 
markers. Furthermore, the methods involved are iden- 
tical to those used to detect self-association of a given 
receptor by FRET. 

To determine the specificity with which yeast a-factor 
receptors interact, we have performed FRET experi- 
ments and competition experiments using another yeast 
GPCR (Gprl) and a glucose transporter (Hxtl) [3]. 
CFP- or YFP-tagged forms of these control proteins fail 
to yield a FRET signal when coexpressed with CFP- or 
YFP-tagged a-factor receptors. Similarly, overexpres- 
sion of Gprl or Hxtl from the strong constitutive PGR 
and ADH promoters, .respectively, on high-copy plas- 
mids does not reduce the apparent efficiency of FRET 
between CFP- and YFP-tagged a-factor receptors. In 
contrast, overexpression of untagged a-factor receptors 
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from the PGK promoter on a high-copy plasmid results 
in complete loss of a FRET signal without affecting 
expression of the tagged receptors (Fig. 4B). 

16. Effects of agonist or antagonist binding on FRET 
efficiency 

A centra] question in the field is whether GPCR oii- 
gomerization is affected on agonist or antagonist bind- 
ing, as might occur if changes in the oligomerization 
state are part of the mechanism whereby a GPCR is 
activated. This question can be addressed by quantifying 
the efficiency of FRET in the presence and absence of 
agonist or antagonist. It should, however, be noted that 
changes in the oligomerization state of GPCRs activated 
by large peptides or glycoprotein hormones could not be 
analyzed by performing FRET experiments with intact 
yeast cells expressing tagged forms of these receptors, 
because these agonists would be excluded by the yeast 
cell wall. This limitation can be overcome by performing 
FRET experiments with purified yeast plasma mem- 
brane fractions, as discussed below. 



17. FRET experiments with yeast plasma membrane 
fractions 

We have demonstrated the utility of performing 
FRET experiments with tagged a-factor receptors in 
purified yeast plasma membrane fractions. These ex- 
periments employ standard methods to prepare yeast 
cell lysates (breaking cells by agitation with glass beads) 
and plasma membrane fractions (density gradient frac- 
tionation) from cells expressing CFP- and/or YFP-tag- 
ged a-factor receptors [3]. These FRET experiments use 
procedures identical to those employed with intact cells 
as described above except that membrane fractions are 
used. The results of these experiments have indicated 
that a similar efficiency of FRET between CFP- and 
YFP-tagged a-factor receptors is apparent whether 
plasma membrane fractions or intact cells are used. 

18. FRET techniques 

Energy transfer has recently been used in a variety of 
ways to detect both hetero- and homooligomerization of 
a number of receptors. Techniques have included scan- 
ning fluorometry FRET [3], bioluminescense resonance 
energy transfer (BRET) [32-34] time-resolved FRET 
[34], photobleaching FRET (pbFRET) microscopy [35- 
38], spectral imaging microscopy (SPIM) [39], and 
fluorescence lifetime imaging microscopy (FLIM) [39]. 
Each of these techniques has certain advantages and 
disadvantages. BRET is attractive because RLUC lu- 
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minescence is activated by the substrate coelenterazine, 
and thus excitation of a fluorescence donor is not re- 
quired. However, coelenterazine oxidation, autolumi- 
nescence, and cell permeability to the substrate may be 
problematic. Additionally, the sensitivity of BRET can 
be low due to the high signal-to-noise ratio [40]. Fur- 
thermore, a weak BRET signal can be caused by donor 
and acceptor overexpression, which requires careful 
monitoring of protein expression [40]. pbFRET, SPIM, 
and FLIM are all powerful single-cell-based FRET as- 
says. FLIM is advantageous because it allows FRET to 
be measured directly by monitoring changes in fluores- 
cence lifetimes rather than ratiometric analysis of fluo- 
rescence emission intensity [41]. While these techniques 
are very powerful, they require the ability to perform 
single-cell FRET microscopy, which is not a technology 
readily available to most researchers. 

19. Concluding remarks 

The ease with which scanning fluorometry FRET can 
be detected between GPCRs expressed in yeast makes it 
a potentially powerful tool to address several important 
problems in the field. FRET in yeast provides an at- 
tractive means of surveying which GPCRs can self-as- 
sociate or interact with other GPCRs. Furthermore, 
evidence of mammalian GPCR oligomerization in yeast 
would be indicative of a direct interaction, because 
mammalian cell-specific factors such as PDZ proteins 
that may bridge interactions between mammalian 
GPCRs are absent in yeast. This consideration is par- 
ticularly relevant when conducting structure-function 
studies aimed at defining the molecular principles that 
determine the specificity with which GPCRs associate 
with themselves and/or other GPCRs. Finally, FRET is 
likely to provide a facile means of identifying peptides or 
other small molecules that disrupt GPCR oligomeriza- 
tion, thereby providing novel pharmacological tools to 
examine the importance of GPCR oligomerization 
in vivo. 
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